ABSTRACT: Nutrient enrichment of shallow coastal waters changes the composition of plant communities so that slow-growing, benthic macrophytes are replaced by fast-growing algae such as phytoplankton and ephemeral macroalgae. This scenario suggests that fast-growing algae suffer more from nutrient limitation than slow-growing algae at low nutrient availability. We tested this hypothesis by comparing the effect of in situ nutrient enrichment on the phytoplankton community, 4 ephemeral macroalgae (Ulva lactuca, Cladophora serica, Chaetomorpha linum and Ceramiurn rubrum) and 1 perennial macroalga (Fucus vesiculosus). Nitrogen was the main limiting nutrient to algal growth and fast-growing algae were N limited for a longer period during summer than slower-growing species. Differences in the temporal extent of N limitation were related to species-specific variations in N requirements for growth and in N storage pools. The N requirements per unit biomass and time were up to 30-fold higher for fast-growing algae compared to slow-growing species due to 10-fold faster growth and 3-fold higher demands for the internal N concentration needed to sustain maximum growth (i.e. critical concentrations). The pools of N reserves only varied 2-fold among algal species and could support maximum growth for 0.5 d in the phytoplankton community and for 12 d in E vesiculosus. Growth of phytoplankton and E vesiculosus could proceed at reduced rates for another 2.6 and 34 d. respectively, based on other internal pools of N. The results suggest that the species-specific differences in growth rate and critical N concentrations account for a substantial part of the variation in the duration of nutrient limitation among different algal types and, therefore, provide further clarification of the reasons why fast-growing algae are stimulated by increased nutrient availability while slowgrowing algae remain unaffected or are hampered due to shading.
INTRODUCTION
Increased nutrient loading of shallow coastal areas has marked effects on the composition of autotrophic communities in coastal marine waters (Sand-Jensen & Borum 1991 , Duarte 1995 . Coastal waters harbor diverse communities of planktonic and periphytic microalgae, ephemeral and perennial macroalgae and seagrasses, and the dominance among these commu-kelps (Brinkhuis 1977 , Orth & Moore 1983 , Cambridge & McComb 1984 , Kautsky et al. 1986 , Burkholder et al. 1992 . This scenario suggests that the growth and biomass development of fast-growing plants are restricted more by low nutrient availability during summer than are the growth and biomass development of large, slow-growing macrophytes, which seem able to satisfy their nutrient requirements and sustain close to maximum growth rates during periods of low nutrient availability.
The suggested difference in nutrient dependence among various plant types may be explained by interspecific differences in nutrient requirements. Large, long-living algae typically have low nutrient requirements per unit biomass and time compared to phytoplankton and ephemeral macroalgae because large, long-living algae have low growth rates (doubling times of weeks to months; Nielsen & Sand-Jensen 1990) and low tissue nutrient concentrations (Duarte 1992) . The larger and more morphologically complex plant types, such as most seagrasses and fucoid macroalgae, may reduce their demand for nutrients further by continuously allocating tissue nutrients to the metabolically active tissues (i.e. the meristems) while supportive tissues have low nutrient concentrations (Pedersen & Borum 1992) . Large, slow-growing plants can thereby lower the tissue nutrient concentrations needed to sustain maximum growth (i.e. the 'critical nutrient content', sensu Hanisak 1979) compared to unicellular algae and ephemeral macroalgae with less differentiated thalli.
Differences in the efficiency of nutrient acquisition could also explain the variation in nutrient dependence among slow-and fast-growing plants. Nutrient requirements ultimately have to be met by uptake from the surrounding medium, and the uptake by micro-and macroalgae seems to follow general allometric rules where size, growth rate, loss rate and metabolic rates are appropriately scaled (Odum et al. 1958 , Banse 1976 , Littler & Littler 1980 , Smith & Kalff 2982 , Cebrian & Duarte 1994 , Hein et al. 1994 . During periods of high nutrient availability and low light, however, all plants take up nutrients in excess of immediate demands, building up internal stores which can be utilized during subsequent periods of low nutrient availability and high light (Chapman & Craigie 1977 , Zimmerman & Kremer 1986 , Pedersen & Borum 1993 . Assuming that all algal cells can accumulate the same amount of n.utrien.ts per unit of biomass, then slowgrowing algae with low critical nutrient concentrations should be able to build up larger nutrient reserves than fast-growing algae with high critical nutrient concentrations. The slow growth of large, long-living algae implies that accumulated nutrients can support maximum growth for a longer period of time when external nutrient ava~lability is low, givlng slow-growing algae a competitive advantage in areas where the nutrient availability fluctuates.
Here, we evaluate the hypothesized nutrient control of algal growth. We examined the seasonal changes in algal growth and nutrient content, the temporal extent of nutrient limitation, and interspecific differences in nutrient requirements and storage capacities among the phytoplankton community, 4 ephemeral macroalgae (Ulva lactuca, Chaetomorpha linum, Cladophora serica and Ceramium rubrum) and 1 perennial macroalga (Fucus vesiculosus) representing autotrophs of different size, tissue differentiation and maximum growth rate.
METHODS
Study site. The study was carried out (and plants for laboratory experiments collected) at 0lsted Strand in Roskilde Fjord, Denmark. Roskilde Fjord is a eutrophic and shallow estuary (salinity 8 to l?%, mean depth 3 m). The study site was situated along the eastern shore 150 m from the coast line at a mean water depth of 1.0 m (0.2 to 1.8 m). The area was dominated by patches of Zostera marina and Rrlppia maritima on the sandy bottoms while scattered boulders were colonized by dense populations of Fucus vesiculosus. The biomass of drift macroalgae such as Ulva lactuca and Cladophora serica accumulated in spring and early summer and these were succeeded by mats of filamentous Chaetomorpha linum during mid-summer. By late July most ephemeral algae had vanished and only small populat~ons remained until the next spring.
Inorganic nutrients in the water. Triplicate water samples for analysis of dissolved inorganic nutrients (NH4+, NO,-and P043-) were collected twice weekly between March and November 1991 Samples were brought back to the laboratory within 1 h, filtered and analyzed for ammonium (Solorzano 1969) and phosphate (Stnckland & Parsons 1968) . Sub-samples for nitrate analys~s were frozen for later ana.lysis on an Auto Analyzero (Alpha Chem).
Growth and enrichment experiments. Growth rates of the phytoplankton community, Ulva lactuca, Cladophora serica, Ceramium rubrum, Chaetomorpha linum and Fucus vesiculosus were measured in situ 8 to 10 times between March and November 1991 Net growth of the phytoplankton community was estima.ted from changes in biomass upon incu.bation in 20 1 translucent polyethylene carboys. Sea water was collected at the study site and filtered through a 200 pm Nitex net to reduce macrozooplankton grazing Three carboys without nutrient enrichment were control treatments, 3 were enriched with 400 pm01 NH,+ 1-' and 3 were enriched with 160 pm01 Pod3-I-' The carboys, 1 of each treatment, were anchored in 3 groups ca 100 m apart floating just below the water surface. The carboys were collected after 4 d of incubation and the water was analyzed for dissolved and particulate nutrients, particulate carbon and chlorophyll (a + b) (Wintermanns & De Motts 1965) . The apparent net growth rate @) of the phytoplankton community was calculated from changes in the chlorophyll biomass.
where B, represents the initial and B, the final biornass after t days' incubation. Changes in chlorophyll do not give a completely true description of growth, but we preferred to use chlorophyll in our growth estimates because it is a more specific parameter for algae than particulate carbon or nutrients. No attempts were made to describe the qualitative composition of the phytoplankton community or to quantify changes in biovolumes.
The growth rates of the 4 ephemeral macroalgae and Fucus vesiculosus were determined on healthy specimens collected at the study site. The algae were rinsed and cut into pieces of approximately 1 g fresh weight (FW). Whole vegetative thalli were used for the 4 ephemeral macroalgae while apical fronds were used for F. vesiculosus. The dry weight (DW) to FW ratio was determined on sacrificed samples and the values were ,used to convert the measured initial FW of experimental plants to DW. The plants were incubated in the field at 1 m depth in cyllndncal plexiglass cages (20 cm long, 10 cm in diameter). The cages were closed at both ends with 0.5 mm mesh to permit water exchange but limit entry of grazers a n d loss of algal material. Nutrients were added to the cages as agar blocks containing either 128 mm01 NH,Cl or 149 mm01 KHPO, to be slowly released over ca 10 d. The cages were organized in 3 groups (designated A, B and C, respectively) situated 40 to 50 m apart. Each group contained l control and 1 of each nutrient treatment (+N and +P). The plants were left to grow for 6 to 14 d (depending on season), then collected, rinsed of sand and debris and finally freeze dried. Net growth rates were calc.ulated from changes in DW according to Eq. ( l ) , ass.uming exponential growth.
The overall effect of nutrient enrichment and time (season) on growth rates was analyzed for each species by 2-way ANOVA. The effect of nutrient treatment and location in groups was subsequently analyzed for each individual experiment using 2-way ANOVA. Groups were included a s a factor in the post hoc analysis because cages within the same group were occasionally covered by drift algae, causing large variations in growth rates among groups. All data were log-transformed before statistical treatment.
Tissue concentrations of N and P. The N a n d P content in phytoplankton cells could not b e determined separately, but particulate N and P concentrations were assumed mainly to represent the phytoplankton. Water samples were taken from each carboy before a n d after the incubatj.on and filtered through GF/C filters. The filters were dried and analyzed for total C and N using a Carlo-Erba NA-1500 CHN analyzer, and for total P after wet oxidation with boillng H2S04 and spectrophotometric analysis following Strickland & Parsons (1968) . Tissue N and P normalized to DW \yere calculated from the C : N and C:P ratios, assuming that the carbon content of the phytoplankton community was 45% of DW (Reynolds 1984) . Subsamples of macroalgae were also analyzed for tissue C, N and P before and after the growth experiments. Samples were cleaned, dried a n d analyzed using the methods described above. Only control plants were analyzed for both N and P, while N-enriched plants were analyzed for N only and P-enriched plants for P only. The overall effects of nutrient treatment and time (season) on tissue nutrient concentrations were analyzed by 2-way ANOVA. The effect of nutrient treatment on tissue nutrient concentration was subsequently analyzed for each individual experiment using Student's t-test for paired observations. All data were log-transformed before statistical treatment.
Critical tissue N concentrations. The critical N concentrations needed to support maximum growth rates of Ulva lactuca, Cladophora serica, Cerarnium rubrum and Fucus vesiculosus were experimentally determined in laboratory growth experiments where growth rates (p) were measured as a function of tissue N concentrations. Vegetative thalli were collected in the field and preconditioned in laboratory cultures for 4 to 6 w k before the growth experiments. The cultures were kept under constant light (300 pm01 m-2 S-' PAR in a 16:8 h 1ight:dark cycle) and temperature (15°C). Nitrogen was added to the cultures as NH,C1 from stock solutions at 5 different loadings. The tissue N concentrations of the culture algae were measured regularly and N loading rates were adjusted when necessary. The tissue N concentrations ranged from about 1 to 5% N of DW when the growth experiments were initiated.
The growth experiments were carried out in 0.5 1 glass bottles containing freshly collected, filtered seawater that had been stripped of dissolved inorganic nitrogen (DIN) by sheets of Ulva lactuca prior to the growth experiments. The water was bubbled with air to ensure water movement and 0, and CO2 equilibrium in the growth bottles. Initial FW was measured on all algal specimens prior to the growth experiments a n d the DW to FW ratio was determined on subsamples. The algae were grown for 2 to 8 d during the experiment, depending on the growth rate, then hdrvested and dried to constant weight at 90°C. The specific growth rate (p) was determined from the increase in algal DW assuming exponential growth and calculated according to Eq. (1). Tissue N concentrations were determined on subsamples before and on all samples after the growth experiments.
The growth rates (p) were plotted versus the mean tissue N concentration and data were fitted to the Droop equation (Droop 1983 ) using non-linear leastsquare regression:
where p,,, is the maximum growth rate, No is the minimum tissue N concentration needed to sustain growth (the subsistence quota), and N i s the actual tissue concentration in the alga. The critical N concentration (Nc) is not represented by a definite value because the growth rate approaches p,,, asymptotically with increasing N concentration. Therefore, Nc was estimated as the tissue N content at which the growth rate was 0.67 p,,,, corresponding to the intercept of the 2 lines determined by the maximum growth rate and the initial slope of the curve. The initial slope was approximated as the line going through the points where p = 0 and p = 0.5 p,,,.
Nitrogen storage capacity. The ability of different algal species to accumulate nitrogen was examined by comparing interspecific differences in the maximum tissue N concentration measured during the field experiments. The N pool stored in excess of the requirements for maximum growth (N storage = Ns) was estimated as the difference between maximum (N,,,) and critical (Nc) N concentrations and compared among species. The storage capacity (T,,,) , defined as the duration (in days) this storage can sustain maximum algal growth without any compensatory N uptake from the external media, was calculated as:
The maximum growth rate was obtained from the field measurements (controls or enriched) while values for mdximum and criticcl1 N concentrdtions were from field estimates, laboratory experiments or the literature (in the case of Nc for phytoplankton). When maximum growth has consumed internal stores of N below the critical level, growth will, however, continue at declining rates until the subsistence quota (NQ) is reached.
The period of reduced growth (Tred) based on internal N pools below the critical level fNrPd = Nc -NQ) was calculated as: assuming a linear decline in growth rate between Nc and NQ (thus giving an average growth rate of 0.5 p, , during this period). Values of NQ were obtained from the laboratory experiments or the literature (in the case of phytoplankton).
Error estimation. The critical N concentration (Nc), the internal N pools (Ns and Nred) and the storage capacities (T,,, and T,,,) were all calculated as combinations of several individual parameters, each measured with their own error. We applied, therefore, the bootstrap procedure (Efron & Tibshirani 1986 ) to estimate means and errors for the combined results. All measured values were assumed to be normally distributed with observed means and standard deviations.
The mean values of the combined results were computed using Monte Carlo resampling (165 mean values of n = 3) of the different measured variables. The overall bootstrapped mean values (4) differed slightly from the mean values obtained by simply combining the parameter values (Xobs), and therefore, we computed the 'bias-adju.sted bootstrap means' according to Meyer et al. (1986) :
Bias-adjusted 95 "/o confidence limits were computed from the 2.5 and 97.5 % percentiles of the bootstrapped data sets according to Meyer et al. (1986) .
RESULTS

Nutrient availability
The concentration of dissolved inorganic N (DIN) was relatively high (>20 pM) in Roskilde Fjord during winter, in early spring and late autumn, but low ( < 2 FM) from April to October (Fig. 1A) . The concentration of dissolved inorganic P (DIP) was low (<2 FM) in late April but increased to high levels throughout summer and autumn (range: 2 to 9.5 PM; Fig. 1B ). The molar D1N:DIP ratio was always less than 16 and remained below 1 during most of the summer, suggesting N limitation from April to late September.
Tissue N and P in phytoplankton and macroalgae
The N and P concentrations of particulate matter in the water (the phytoplankton community) ranged from 4.4 and 1.2 to 7.7 and 1.7% of DW, respectively. Although particulate N and P varied significantly with time (Table 1 ) they showed no clear seasonal patterns (Figs. 2 & 3) . The molar N:P ratios (range: 6.1 to 12.9) were constantly below the Redfield ratio of 16 (Redfield et al. 1963) , suggesting permanent N limitation of the phytoplankton community. Enrichment with nitro- gen and phosphorus caused no overall increase in phytoplankton N or P contents ( Table 1) . There was a strong seasonal effect on the tissue N content of all 5 macroalgae (Table 1 ) . The N content was high in spring, decreased to minimum levels in late summer and tended to increase again during autumn (Fig 2) Maxiinum N concentrations were almost identical among the 4 ephemeral macloalgae (Ulva lactuca Chaeton~orpha Iln unl Cladophora serica and C e r a n~~u n i rub run^, 5 5 to 6 Oc% of DVV), whereas the slow-growing Fucus ves~culosus had a lower maximum value (3 5 % of DW see Table 3 ) Minimum values were almost Identical (1 0'%, N of DW) among all 5 species Nitrogen enrichment caused an overall increase in the tissue N content of all macioalgae but F veslculosus (p = 0 064, Table 1) The tissue P content also varied seasonally (Table 1 ) and showed distlnct interspecific variations Nonenriched Fucus veslculosus had the highest (0 39 to 0 7 5 % of DW) and Ulva lactuca the lowest (0 20 to 0 43 % of DW) P content (Flg 3) Mlnimum concentrations were observed during late summer despite hlgh P availability, suggesting that P acquisition was hampered in N-llmited plants Phosphorus ennchment Increased caused an overall increase in P content among most macroalgae (Table 1) 
In situ growth rates and nutrient responses
The growth rates of the phytoplankton community and all macroalgae varied seasonally (Fig. 4, Table 2 ) . Macroalgal growth peaked during summer when the phytoplankton community grew little or even showed a negative net growth. There was no direct relationship between ambient growth rates and tlssue nutrient concentrations. The phytoplankton community showed 
Nitrogen enrichment caused an overall stimulation of growth rates in all algae except for Fucus vesiculosus (Fig. 4 , Table 2 ) Phytoplankton yrowth responded significantly (p < 0.05) to N enrichment in all individual experlrnents except in March, while stimulation by P enrichment was only observed on 1 occasion in April. The growth of Ulva lactuca responded signifi- cantly (p < 0.05) to N enrichment in 5 individual experiments carried out between May and September, while P enrichment had no effect at all. Ceramium rubrum and Cladophora serica responded almost identically to N enrichment by increasing growth rates significantly (p < 0.05) in 3 individual experiments from late July to September, while P enrichment did not stimulate growth. Chaetomorpha linum growth responded significantly (p < 0.05) to N enrichment in 2 experiments between mid-July and mid-August. Phosphorus enrichment had no significant effect on C. linum growth. The growth of E vesiculosus was only stimulated significantly (p c 0.05) b y N enrichment on 1 occasion in mid-August, while P enrichment had no effects.
Overall, nitrogen was the most important nutrient limiting algal growth under field conditions except for a short period In spring when phosphorus also 
0.2
Chaeromorpha I~nurn -appeared to limit the growth of the phytoplankton community. The fastest-growing algae (the phytoplankton and Ulva lactuca) appeared to be N limited during most of the period with low N availability while the slower-growing algae only were N limited towards the end of that period. Thus, fast-growing algae suffered from nutrient shortage during a much longer period than the slowergrowing species.
Laboratory growth experiments
The algal growth rates obtained over 2 to 8 d in the laboratory increased asymptotically towards p,,, with increasing tissue N content (Fig. 5 ) . The experiinentally determined maximum growth rate at high tissue N concentrations varied 12-fold among species and was lowest in In ( R ) the estimated periods of maxlrnurn (non-nutnent-l~m~ted) growth based o n internal N rcserves and assuming no compensatory N uptake from the water are represented by open bars while shaded bars are the subsequent penods of reduced (i.e. nutrient-limited) growth u n t~l internal N supplies are exhausted Table 3 . Observed maximum growth rates h,,,), maximum (K , , ) and critical N (Nc) concentrations, and subsistence quota (NU) of the algae studied in Roskilde Fjord. Maximum growth rates and N concentrations were obtained from field measurements.
Subsistence quotas and critical N contents were obtained from the lab orator)^ experiments or the l~terature (~n the case of phytoplankton). Numbers are means with 95 %I conf~dence intervals in brackets (values for Nc are bias-adjusted bootstrap means with percentile-based confidence intervals)
Pm... Chaetomorpha linum 2.5 (2.0 -3.2) Fucus ves~culosus 1.2 17.7 11.7 12.3 (-0.8 -3 6) (-9.9 -48.6) (-9.1 -30.1) (-49.0 -73.6) (-74.1 -141.3) in the phytoplankton community and 34 d in F. vesiculosus (Table 4) .
The importance of internally stored N for algal performance in Roskilde Fjord can be estimated by calculating the periods during which algal growth can proceed at non-nutrient-limited and reduced rates, respectively, assuming that no external N supplies are available (Fig. 6 ). The growth rates applied in these calculations are those rates that were measured for fertilized plants in the field in order to take temperature and light effects on pmax into account. The availability of DIN at the study site was low from approximately April 1, and from this date, stored nitrogen could support non-limited phytoplankton growth for 1 d. After another 3 d of reduced growth, tissue N concentrations would have declined to the subsistence quota and growth would cease (Fig. 6B) . Growth of the ephemeral macroalgae at either nonlimited or reduced rates would cease after 3 to 4 wk, while Fucus vesiculosus would be able to sustain growth for almost 2 mo until the end of May. The discrepancy between the actually observed periods of N-limited growth in the field (Fig. 6A ) and growth potentially supported by internal N reserves suggests that DIN was supplied from more sources than just internal reserves during the field experiment.
DISCUSSION
This study demonstrated that opportunistic algal species with simple morphology and fast maximum growth rates suffered more from nutrient limitation in Roski1d.e Fjord than the species with thick thalli, differentiated tissues and a more conservative growth strategy. All the algal species examined were nutrient limited for shorter or longer periods during the growth season, but the temporal extent of limitation differed systematically among the different species. The duration of nutrient-limited growth increased with decreasing algal size and increasing maximum growth rate, and the phytoplankton community was the only plant component that showed signs of nutrient limitation during the entire period of low external nutnent availability.
Algal growth was primarily limited by nitrogen while P limitation only occurred during early spring when low irradiance and temperature were more likely to constrain algal growth (Lapointe & Tenore 1981 , Rosenberg & Ramus 1982 . The concentration of inorganic nitrogen and the D1N:DIP ratio in Roskilde Fjord showed considerable seasonal variation, resembling the patterns observed in other temperate, estuarine areas (Wallentinus 1984 , Graneli 1987 , Pellikaan & Nienhuis 1988 , Lavery & McComb 1991 . The low DIN concentrations ( < l to 2 PM) observed from April to September were insufficient to saturate the N uptake rates of most phytoplankton (Eppley et al. 1969 , Goldman & Glibert 1983 and macroalgal species (Wallentlnus 1984) , suggesting that nitrogen availability could potentially limit plant growth for 5 to 6 mo during summer if N uptake and growth were directly coupled. In contrast, the DIP concentrations increased during the growth season and were close to or above the saturation level for P uptake in both phytoplankton ar.d macroalgae (Smith & Kalff 1982 , Wallentinus 1984 , suggestjng that P limitation could be of only marginal importance.
The tissue N content reflected the seasonal variation in nitrogen availability and low levels were found during summer when irradiance and growth were high and external N availability low. Similar patterns in tissue N content have been found in other studies of macroalgae (e.g Asare & Harlin 1983, Wheeler & Bjornsater 1992) The constantly low N content of the phytoplankton community and the decline in N content among the macroalgae during spring and summer are the consequence of metabolic demands exceeding nutrient uptake during growth. The P concentration in algal tissues also declined in summer despite high external P availability, suggesting that the uptake and assimilation of DIP was restricted in N-depleted algae, possibly because of low protein content and enzyme activity. This may explain why tissue N and P concentrations are often closely related in aquatic plants (Duarte 1992) . The tissue N concentrations of all algae periodically declined below the experimentally determined critical concentrations during late spring and summer. However, the different species reached their critical limits at different times, consistent with their variable responses in the form of elevated N content and growth following N enrichment.
The species-specific differences in the temporal extension of nitrogen limitation were primarily related to the 30-fold range in N requirements per unit biomass and time as determined by the variable growth rates and the differences in the internal N concentrations needed to sustain growth. Large and morphologically more complex algal species with differentiated tissues have lower intrinsic growth rates than small, unicellular or sheet-formed species (Littler & Littler 1980 . Nielsen & Sand-Jensen 1990 , Duarte 1995 . We found a 10-fold range in maximum growth rates among the algal species and, if the critical nitrogen content had been the same for all species, nitrogen requirements would similarly have varied 10-fold. The differentiation of tissues into meristematic, photosynthetic and supportive tissues in the slower-growing species, however, seem.s to reduce the need for internal nutnent concentrations to sustain growth. In algae without tissue differentiation all cells must have a complete physiological apparatus to su.pport resource acquisition, photosynthesis and growth and, therefore, should contaln high levels of N-and P-rich organic compounds. This hypothesized, systematic difference in the need for nutrients is consistent with the observed differences in critical nutrient content among species (Fujita 1985, this study) and with the general relationships between nutrient contents and morphology or growth rate found among aquatic plants (Duarte 1992 (Duarte , 1995 . In our study the critical N content was 2-to 3-fold higher for the fast-growing species and, hence, the total N requirements per unit biomass and time exhibited the 30-fold range.
The pool size of nitrogen stored internally in excess of immediate demands was, however, about the same for all species and, hence, did not explain further the d~fferences in the extent of nitrogen limitation. We found the highest maxim.um tissue N and P concentrations among the fast-growing algae and the lowest In the slow-growing Fucus vesiculosus as al.so observed by Fujita (1985) and Wheeler & Bjornsater (1992) . As pointed out by Wheeler & Bjornsater (1992) , nutrient storage cannot, however, be evaluated from maximum concentrations alone, because interspecific variations in the critical N concentrations and growth rates influence the size of the storage pool and, hence, the storage capacity measured in time. We found no systematic variation in the size of the storage pool among fast-and slow-growing algae and, therefore, any differences in storage capacity were set by the different N requirements for growth.
Nitrogen limitation was predicted to occur after 0.5 d (corresponding to ca 0.5 doubling times) of maximum growth in the phytoplankton community and after 12 d (ca 1 doubling time) in Fucus vesiculosus, and growth would cease after another 2.6 to 34 d (ca 4 doubling times) depending on algal species, assuming no uptake of DIN from the water. These results are comparable to those of Fujita (1985) , who found that stored nltrogen could support growth of Ulva lactuca, Enteromorpha sp. and Gracilaria tikvahiae for 6, 8 and 14 d, respectively, in culture experiments with restricted external N availability. When including the effect of seasonal changes in light and temperature on maximum growth rates in the field, we predicted that internal N reserves could support growth of E vesiculosus for a total of 54 d. This agrees with studies on kelps showing that growth can proceed for long periods (months) of low external nutrient availability based on stored N pools (Chapman & Craigie 1977 , Zimmerman & Kremer 1986 ). The onset of N limitation in Roskilde Fjord was delayed relative to the predicted onset of limitation and this delay was likely caused by uptake of DIN from the water column. We assumed that the external DIN sources were totally depleted but the low DIN concentrations present during summer would allow some nitrogen to be taken up by the algae (Wallentinus 1984) . N'utrient uptake per unit of biomass is much faster in small algae with large surface area to volume ratios than in large species with thick thalli (Wallentinus 1984 , Hein et al. 1994 ), but, apparently, the fast uptake could not fulfil1 the high nutrient requirements for growth and prevent nitrogen limitation from occurring also among the species with simple morphology.
The present work adds to a functional explanation for the qualitative changes in plant communities observed with increased eutrophication. Low availability of dissolved inorganic nutrients in shallow coastal waters during summer restricts the growth rate and, hence, the abundance of phytoplankton and ephemeral macroalgae, while slow-growing, perennial macroalgae can sustain near to maximum growth rates during most of the summer based on a combination of low nutrient requirements, stored nutrients and nutrients taken up from the water column. Although phytoplankton and ephemeral macroalgae may still grow faster when limited by nutrients than perennial macroalgae, they also experience higher loss rates (Duarte 1995) . We can, therefore, with some reason assume that differences in loss rates balance differences in intrinsic growth rates, resulting in a competitive advantage for plants not limited by nutrient availability. The growth strategy of the opportunistic algal forms allows them to exploit a suddenly occurring richness in resource availability so that they can escape grazing control and, in a short time, built up high biomasses. However, the populations will collapse when resources are depleted and only a continuous supply of nutrients will allow them to dominate the autotrophic communities of shallow coastal waters more permanently. In contrast, the more conservative growth strategy of perennial kelps and fucoids is ecologically advantageous In physically stable environments with restricted but predictable nutrient resource availability.
